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Abstract 

Samples  of  a  SnCoC-based  electrodes,  all  having  the  molar  composition  Sn4oCo4oC2o,  but  differing  by  the  high  energy  ball  milling  synthesis 
conditions,  have  been  tested  in  lithium  cells.  The  investigation  was  carried  out  by  using  a  series  of  complementary  techniques,  including  poten- 
tiodynamic  cycling  with  galvanostatic  acceleration,  galvanostatic  charge-discharge  cycling  and  impedance  spectroscopy.  The  results  confirmed 
the  high  capacity  delivery  of  this  type  of  ternary  electrodes  but  also  revealed  that  their  electrochemical  behaviour  is  influenced  by  the  relative 
abundance  of  the  nanosized  domains  of  CoSn  and  CoSn2  in  their  structure. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

A  Japanese  manufacturer  has  recently  announced  the  release 
on  the  market  of  a  new  Li-ion  battery  with  the  trade  name  of 
Nexelion  [1,2].  Although  the  full  composition  has  not  yet  been 
fully  exposed,  it  has  been  reported  that  the  battery  employs 
non-conventional  electrolyte  and  electrode  materials,  and  in 
particular  a  novel  tin  amorphous  ternary  Sn-Co-C  anode  [3]. 
At  a  first  sight,  it  is  reasonable  to  suppose  that  this  ternary 
electrode  material  operates  on  the  basis  of  the  “active/inactive 
medium”  concept,  namely  that  tin  is  the  main  electrochemical 
active  component  while  the  two  other  elements  act  principally  as 
the  supporting  additives  to  buffer  the  volume  expansion  experi¬ 
enced  by  tin  during  the  electrochemical  process  in  a  lithium  cell. 
Indeed,  it  has  been  clearly  reported  that  the  volume  variation, 
typically  associated  with  the  electrochemical  Li-alloying  pro¬ 
cess,  can  be  effectively  buffered  by  uniformly  dispersing  in  situ 
or  ex  situ  the  electrochemically  active  element,  e.g.  Sn  or  Si,  into 
a  matrix  of  supporting  components  at  nano-scale  configuration 
[4-6]. 
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However,  in  the  case  here  under  study  it  is  expected  that 
the  role  of  cobalt  and  carbon  may  be  more  complex  than  that 
of  solely  providing  a  buffering  action  and,  effectively,  recent 
work  of  Dahn  et  al.  [7]  confirms  this  assumption.  By  a  detailed 
structural  and  electrochemical  investigation  of  a  large  number  of 
ternary  Sn-Co-C  compositions,  these  authors  have  in  fact  evi¬ 
denced  a  peculiar,  multi-fold  role  of  the  carbon  additive.  Indeed, 
in  addition  to  an  improvement  in  conductivity,  the  carbon  ele¬ 
ment  also  contributes  to  increase  the  specific  capacity  value, 
to  stabilize  the  Li-Sn  alloy  at  the  atomic  scale  and  to  promote 
the  nanostructure  of  the  material  during  the  synthesis.  It  has 
also  been  found  that  carbon  incorporation  during  the  synthe¬ 
sis  of  Sni-^Co*  compounds  is  crucial  for  obtaining  amorphous 
structures  of  the  [Sno.ssCoo^sli-yGy  type  over  the  composi¬ 
tion  range  of  0.28  <y  <0.43  [8].  Also  the  third,  Co  component 
is  expected  to  play  an  important  role  in  these  ternary  com¬ 
pounds.  In  addition  to  buffer  the  principal  volume  expansion 
and  thus,  to  prevent  cracking  of  the  electrode  structure  upon 
prolonged  cycling,  cobalt,  being  chemically  inactive  with  car¬ 
bon,  also  prevents  the  formation  of  intermetallic  carbides  over 
the  entire  useful  composition  range,  thus  avoiding  the  precip¬ 
itation  of  tin  out  of  the  composite  [7].  The  same  authors  have 
shown  that  electrode  based  on  a  Sn42Co34C24  composition  can 
be  cycled  in  lithium  cells  with  a  specific  capacity  value  approach¬ 
ing  600  mA  h  g-1  [7]  and  that  an  increase  of  the  carbon  content 
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up  to  40%  in  the  SnCoC  composite  further  improved  the  capacity 
up  to  a  value  near  700  mA  h  g-1  [8] . 

Clearly,  these  results  demonstrate  that  the  Sn-Co-C-based 
materials  are  of  practical  interest  in  this  paper  and  this  accounts 
for  their  choice  as  innovative  anodes  in  the  Nexelion  battery. 
However,  these  materials  are  also  interesting  in  terms  of  funda¬ 
mental  properties  since  their  electrochemical  behaviour  is  not 
yet  fully  clear.  This  has  encouraged  us  to  carry  out  a  detailed 
study  of  the  Sn-Co-C  ternary  systems  and,  accordingly,  in  a  pre¬ 
vious  work  we  have  reported  the  results  of  an  electrochemical 
investigation  of  electrodes  having  the  Sn3iCo2sC4i  composi¬ 
tion  and  prepared  by  low  and  high  energy  ball  milling  technique 
[9,10].  The  results  evidenced  that  the  mechanical  treatment 
conditions  and  the  length  of  milling  time  employed  for  the  syn¬ 
thesis  played  a  key  role  for  the  achievement  of  the  right  phase 
composition  with  associated  reflection  on  the  electrochemical 
performance.  Under  the  best  conditions,  the  electrode  provided 
a  specific  capacity  of  500mAhg-1  over  50  cycles. 

In  this  paper  we  extend  the  investigation  of  the  Sn-Co-C 
electrode  system  by  examining  the  role  of  the  reciprocal  com¬ 
position  of  the  three  components.  In  particular,  we  discuss  the 
Sn4oCo4oC2o  case  and  report  its  electrochemical  behaviour  in 
function  of  the  synthesis  conditions. 

2.  Experimental 

The  Sn-Co-C  samples  were  prepared  by  the  ball  milling 
technique.  Commercial  micrometric  Sn  (Johnson  Mattey,  325 
mesh,  99.8  purity),  Co  (GoodFellow  45  mesh  e  99.8  purity) 
and  C  (Graphite,  Aldrich)  were  used.  For  all  samples,  the  for¬ 
mal  Sn:Co:C  molar  ratio  was  0.40:0.40:0.20,  corresponding  to 
a  Sn4oCo4o  C2o  stoichiometry. 

Mechanical  treatment  was  carried  out  employing  a  Spex 
Mixer-Mill  mod.  8000,  equipped  with  stainless  steel  vial  and 
spheres.  A  powder  charge  of  8  g  was  treated  with  two  10  g  balls. 
To  prevent  metal  oxidation  during  milling,  powder  handling,  as 
well  as  vial  charging  and  sampling,  were  performed  under  a 
purified  Ar  atmosphere,  in  a  MBraun  glove  box,  with  02  and 
H20  content  at  ppm  levels.  Table  1  lists  the  samples  prepared  in 
this  work  and  their  different  synthesis  conditions. 

The  structure  evolution  of  the  samples  was  checked  by  XRD, 
using  a  Rigaku  DMax  diffractometer  equipped  with  Cu  Ka  radi¬ 
ation  and  a  graphite  monochromator  in  the  diffracted  beam.  The 
morphology  was  analysed  by  Scanning  Electron  Microscopy, 
SEM,  using  a  SEM-EDS  Leo  1450  VP. 

The  electrochemical  response  of  the  various  Sn4oCo4oC2o 
samples  was  tested  in  laboratory-type,  lithium  cells.  The 


Sn4oCo4oC2o  working  electrode  was  prepared  as  a  thin  film  by 
doctor-blade  deposition  on  a  copper  substrate  of  a  slurry  com¬ 
posed  of  80%  active  material  (Sn4oCo4oC2o),  10%  PVdF  6020, 
Solvay  Solef  (binder)  and  10%  SP  carbon  (electronic  support).  A 
1  M  LiPF6  in  ethylene  carbonate-dimethyl  carbonate,  EC:DMC 
1:1  (Merck  Battery  Grade)  solution  soaked  on  a  Whatman™ 
separator  was  used  as  the  electrolyte  and  a  lithium  metal  foil  as 
the  counter  electrode.  The  cells  were  charged  and  discharged  at 
various  C-rate  regimes  (1C  corresponding  to  a  current  density 
value  of  1.2  A  cm-2  g-1)  and  within  a  0.01-1.5  V  voltage  limit. 
The  electrochemical  response  of  the  cells  was  monitored  by  a 
Maccor  Series  4000  Battery  Test  System. 

The  specific  capacity  of  the  Sn4oCo4oC2o  electrode  was  cal¬ 
culated  considering  both  Sn  and  C  as  active  elements,  assuming 
the  former  as  being  involved  in  a  lithium  alloying-dealloying 
process: 

4.4Li+  +  4.4e“  +  Sn  =  Li4.4Sn,  (1) 

and  the  latter  in  a  lithium  intercalation-deintercalation  process: 
Li+  +  e“+6C  =  LiC6.  (2) 

Under  these  conditions,  the  value  of  the  theoretical 
specific  capacity  is  given  by  [(0.40  x  Msn  x  993  +  0.20  x 
Mq  x  372)/0.679  x  M],  where  Msn  =  Sn  molecular  weight 
(118.7  g  mol-1),  Mq  =  C  molecular  weight  (12  g  mol-1)  and 
M=  Sno.4oCoo.4oQ).20  molecular  weight  (73.5  g  mol-1).  Con¬ 
sidering  that  there  is  67.9w:w.%  of  active  elements  (Sn,  C) 
in  1  mol  of  Sn0.40Co0.40C0.20,  the  resulting  theoretical  specific 
capacity  is  963mAhg-1  where  the  C  contribution  (related  to 
the  formation  of  LiC6)  is  1 8  mA  h  g- 1 .  The  specific  capacity  of 
the  material  was  calculated  considering  only  the  two  active  ele¬ 
ments  (Sn  and  C)  excluding  the  electrochemically  inactive  Co 
to  make  a  comparison  compatible  with  that  of  compounds  con¬ 
taining  only  electrochemically  active  elements  such  as  SnC  and 
Sn.  This  comparison  allows  to  evaluate  in  our  ternary  compound 
the  fraction  of  the  active  mass  (especially  Sn)  participating  in 
the  reversible  process. 

The  potentiodinamic  cycling  with  galvanostatic  acceleration 
(PCGA)  was  performed  with  a  stepwise  potential  scans  of  10  mV 
and  a  minimum  current  limits  of  20  jut  A  within  a0.01-1.5V  volt¬ 
age  limits  using  a  VMP  Biologic-Science  Instruments  in  a  three 
electrode  cell  where  the  Sn0.40Co0.40C0.20  sample  working  film 
electrode  was  combined  with  a  lithium  counter  electrode  and 
lithium  reference  electrode.  Also  for  this  test  the  electrolyte  was 
a  1  M  LiPF6  solution  in  an  ethylene  carbonate-  dimethyl  car¬ 
bonate,  EC:DMC  1:1  (Merck  Battery  Grade)  electrolyte  soaked 
on  a  Whatman™  separator. 


Table  1 


Milling  time,  phase  and  structural  characteristics  values  of  the  samples  examined  in  this  work 


Sample 

Milling  time  (h) 

CoSn/CoSn2  weight  (%) 

CoSn  domain  size  (nm) 

CoSn2  domain  size  (nm) 

SnCoC  I 

38 

42:58 

13.6 

14.8 

SnCoC  II 

42 

74:26 

9.0 

14.8 

SnCoC  III 

54 

91:9 

11.0 

13.0 

All  the  samples  have  the  same  S1140C040C20  formal  composition  and  differ  by  the  milling  time.  The  CoSn/CoSn2  weight  %  and  the  domain  size  values  have  been 
calculated  by  Maud  software. 
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The  impedance  spectroscopy  analysis  was  carried  out  by 
applying  a  10  mV  amplitude  signal  in  the  50  kHz-0.005  Hz  fre¬ 
quency  range  using  a  Frequency  Response  Analyzer  (FRA) 
Schlumberger  Solartron  model  1260  coupled  with  EG&G 
Princeton  Applied  Research  model  362  potentiostat.  For  this 
test  we  used  a  T-cell  containing  Sn4oCo4oC2o  as  the  working 
electrode  and  a  lithium  foil  as  the  counter  and  the  reference 
electrode.  The  impedance  response  was  measured  at  different 
cycling  stages,  i.e.,  before  cycling  (in  the  OCV  state,  V=2.8  V 
vs.  Li+/Li),  after  5  cycles  and  after  100  cycles  (in  both  cases  at 
1  C  rate),  see  Fig.  6A-C. 

3.  Result  and  discussion 

The  electrochemical  properties  of  the  ternary  Sn-Co-C  elec¬ 
trode  materials  has  been  extensively  studied  by  Dahn  et  al. 
[7].  These  authors  have  clearly  shown  that  the  electrochemi¬ 
cal  activity  in  lithium  cells  is  limited  to  some  selected  reciprocal 
compositions  where  the  Sn-Co-C  materials  assume  an  amor¬ 
phous,  nano  structure.  In  a  previous  work  we  have  shown 
that  nanostructured  materials  may  be  obtained  within  the  same 
compositional  ranges  using  a  convenient,  easy-to-perform  ball 
milling  technique  [9,10].  Results  obtained  by  ternary  electrodes 
of  the  Sn3iCo28C4i  stoichiometry  demonstrated  that  the  elec¬ 
trochemical  response  depended  on  the  synthesis  conditions  and 
that  under  optimized  preparation  the  electrodes  could  deliver  a 
specific  capacity  of  500  mA  h  g_1 . 

In  the  attempt  to  further  enhance  the  capacity  delivery,  we 
have  considered  to  increase  the  amount  of  the  main  electroac¬ 
tive  element,  namely  the  tin  component,  by  synthesizing  a  new 
composition  of  formal  Sn4oCo4oC2o  stoichiometry,  i.e.  a  Sn- 
richer  composition,  however,  still  confined  within  the  region 
where  the  Sn-Co-C  system  is  expect  to  keep  a  nanostructured 
configuration  [7]. 

In  this  investigation  we  have  prepared  three  samples,  all  them 
having  the  Sn4oCo4oC2o  formal  composition,  but  varying  by  the 
synthesis  conditions  in  terms  of  milling  time.  Table  1  lists  the 
samples  examined  in  this  work  and  their  respective  acronyms. 

Fig.  1  reports  the  X-ray  diffraction  patterns  of  all  three  sam¬ 
ples.  The  XRD  pattern  of  the  sample  SnCoC  I  (see  Table  1) 
reveals  the  signals  which  pertain  to  the  CoSn  and  CoSn2  phases. 
Both  phases  are  characterized  by  few  of  easily  distinguishable, 
separated  marks  ( e.g .  20  =  28.5°  for  CoSn  and  20  =  35.5°  for 
CoSn2),  as  well  as  by  the  section  with  merged  peaks  (20  between 
37°  and  46°).  The  phases  related  to  CoSn  (JCPDS  Library  02- 
0559)  and  CoSn2  (JCPDS  Library  25-0256)  are  hexagonal  and 
tetragonal,  respectively. 

Each  peak  reveals  a  relatively  high  broadness,  which  suggests 
that  the  desirable  nano-scaled  morphology  has  been  obtained. 
This  was  definitely  confirmed  by  the  Retvield  analysis  of  the 
XRD  patterns  which  demonstrated  the  nanocrystalline  nature  of 
the  coherent  diffraction  domains  for  both  phases  and  the  corre¬ 
sponding  relative  amount.  The  results  of  the  Retvield  analysis 
with  the  determined  average  crystallite  size,  are  summarized  in 
Table  1. 

Increasing  the  milling  time  under  the  same  high  energy  con¬ 
ditions  led  to  SnCoC  II  and  SnCoC  III,  respectively,  samples  (see 


20/  degree 

Fig.  1.  XRD  patterns  of  the  three  Sn4oCo4oC2o  samples  prepared  in  this  work. 
For  sample  identification  see  Table  1 . 


Table  1).  Fig.  1  shows  the  corresponding  evolution  of  the  XRD 
pattern.  Initially  (sample  SnCoC  II),  the  peaks  related  to  CoSn2 
decrease  and  the  interval  with  merged  peaks  becomes  more 
distinct,  revealing  that  the  CoSn  phase  content  increases.  The 
broadness  of  the  peaks  remains  almost  unchanged.  The  CoSn2 
peaks  still  decrease  for  sample  SnCoC  III.  The  CoSn/CoSn2 
phase  ratio  for  the  three  samples  is  summarized  in  Table  1 . 

As  it  will  be  shown  further  on,  these  phase  ratio  and  the 
nanosized  features  considerably  influence  the  electrochemical 
behaviour  of  the  SnCoC-based  electrodes. 

Fig.  2  shows  the  morphology  of  the  three  samples  as  revealed 
by  SEM  analysis.  All  samples  show  aggregated  nanostructures 
with  evident  particle  agglomeration.  The  grain  size  of  the  aggre¬ 
gates  was  estimated  to  range  between  hundred  nanometers  and 
few  micrometers.  To  be  noticed,  however,  that  although  agglom¬ 
eration  does  occur,  the  nanodimension  of  the  single  particles  is 
maintained  in  all  the  three  cases. 

The  three  samples  were  assembled  in  form  of  film  electrodes 
and  tested  in  a  lithium  cell  to  determine  their  electrochemi¬ 
cal  behaviour.  Fig.  3  shows  the  evolution  of  a  potentiodinamic 
cycling  with  galvanostatic  acceleration  (PCGA)  tests  carried  out 
on  the  three  samples  prepared  in  this  work.  The  peak  evolution  is 
similar  for  all  the  three  cases,  generally  showing  an  initial  activa¬ 
tion  cycle  revealing  a  series  of  peaks  in  the  cathodic  scan  which 
are  not  all  reproduced  in  the  following  anodic  scan.  The  first 
irreversible  peak  around  1.4  V  vs.  Li+/Li  is  quite  likely  related 
to  the  formation  of  a  passivating  film  (Solid  Electrolyte  Inter¬ 
face,  SEI  film)  on  the  Sn  surface,  an  extensive  phenomenon 
usually  observed  for  pure  Sn  electrodes  [11].  However,  in  the 
case  here  under  study,  the  peak  has  a  low  extension  and  this 
mild  character  suggests  that  the  effect  related  to  the  surface  film 
creation  consistently  decreased  when  passing  from  pure  Sn  to 
the  ternary  Sn-Co-C  electrode.  This  confirms  the  importance  of 
placing  tin  metal  in  a  ternary  matrix  and  of  switching  to  the  nano 
dimension  for  controlling  the  irreversible  surface  processes  of 
tin-based  lithium  metal  alloy  electrodes.  [11]. 
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Fig.  2.  SEM  images  of  the  three  S1140C040C20  samples  prepared  in  this  work. 
For  sample  identification  see  Table  1 . 


The  following  peak  in  the  first  cathodic  scan  is  observed  at 
about  0.8  V  vs.  Li+/Li,  see  Fig.  3.  The  voltage  value  and  the 
related  shape  make  this  peak  associable  to  additional  electrolyte 
decomposition  with  a  SEI  film  formation  on  the  surface  of  the 
graphite  component  [12,13].  Further  broad  peaks  appeared  at 
low  potentials,  i.e.,  in  the  range  of  0.4-0.01  V  vs.  Li+/Li.  They 
are  likely  due  to  the  main  electrochemical  process  which  is  the 
lithium  alloying  into  the  nano  structured  phases.  The  profile  and 
position  of  these  peaks  differ  from  those  shown  pure  tin  elec¬ 
trodes  [14],  this  again  being  due  to  the  complex  matrix  structure 
of  the  ternary  Sn-Co-C  electrodes  here  under  consideration.  In 
addition,  the  several  steps  which  in  the  lithium  alloying  process 
of  pure  tin  electrodes  evolve  over  several  steps,  here  overlap  in 
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Fig.  3.  PCGA  test  of  the  three  S1140C040C20  samples  cycled  in  lithium  cells. 
The  results  refer  to:  SnCoCI  (A);  SnCoCII  (B)  and  SnCoc  III  (C).  Electrolyte: 
EC:DMC  1:1  LiPFg.  Cyclic  voltage  limits:  0.01-1.5  V.  Room  temperature.  For 
sample  identification  see  Table  1 . 


two,  large  peaks  occurring  at  about  0.3  V  vs.  Li+/Li  and  0.05  V 
vs.  Li+/Li,  respectively. 

In  the  anode  scan  of  the  first  cycle  only  two  distinguished 
peaks  are  observed  and  these  peaks  are  consistently  repro¬ 
duced  in  the  following  cycles.  The  cycling  regime  becomes 
then  repetitive  with  two  peaks  in  the  cathodic  scan,  marked  as 
1  and  2,  reproduced  in  the  anodic  scan,  marked  as  3  and  4,  see 
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Fig.  4.  Voltage  vs.  specific  capacity  profile  of  a  Li/EC:DMC  1:1  LiPF6/SnCoC 
I  cell.  Rate:  C/4.  Room  temperature.  For  sample  identification  see  Table  1. 


Fig.  3.  Obviously  these  reproducible  behaviour  represents  the 
reversible  process  of  the  Sn4oCo4oC2o  electrode,  where  peaks  1 
and  2  reflect  the  lithium  alloying  in  tin  and  peaks  3  and  4  the 
opposite  lithium  de-alloying  process,  see  processes  (1).  It  cannot 
be  excluded  that  these  peaks  also  include  the  reversible  partial 
lithium  intercalation  in  the  carbon  matrix,  see  process  (2). 

This  reversible  process  is  typically  reproduced  in  the 
charge-discharge  voltage  profile  of  a  Sn4oCo4oC2o  electrode 
cycled  in  a  lithium  cell.  Fig.  4  shows  the  case  of  the  SnCoC  I 
sample.  A  net  capacity  decay  is  observed  passing  from  the  first 
to  the  following  cycles,  this  clearly  being  associated  to  the  initial 
irreversible  processes  outlined  by  the  PCGA  results.  However, 
the  electrode  quickly  reaches  a  reproducible  response  with  a 
reversible  capacity  approaching  600mAhg_1,  i.e  about  62% 
of  the  theoretical  value  assumed  as  963mAhg-1,  see  experi¬ 
mental  part.  In  the  reversible  charge-discharge  behaviour,  the 
voltage  profile  evolves  with  two  distinguishable  plateaus,  which 
are  associated  to  the  reproducible  peaks  marked  1,2,3  and  4  in 
the  PCGA  curves.  Very  similar  profiles  were  observed  for  cells 
using  the  SnCoC  II  and  the  SnCoC  III  sample  electrodes. 

Fig.  5  shows  the  response  of  the  three  sample  electrodes 
upon  prolonged  cycling  in  lithium  cells.  Fig.  5 A  shows  that  the 
SnCoC  I  electrode  delivers  a  specific  capacity  of  the  order  of 
600  mA  h  g_1 ,  a  good  fraction  of  which  remains  stable  for  many 
cycles.  A  continuous  capacity  decay  and  loss  of  efficiency,  how¬ 
ever,  can  be  observed  after  the  30th  cycle.  This  decay  is  quite 
likely  associated  with  a  progressive  change  upon  cycling  in  the 
CoSn2/CoSn  phase  ratio,  as  confirmed  by  ex  situ  XRD  inves¬ 
tigation  of  the  cycled  electrode  (data  not  reported).  Indeed,  the 
CoSn2  phase,  theoretically  richer  in  tin,  is  less  stable  than  the 
CoSn  phase.  Moreover,  we  can  assume  that  the  capacity  decay 
may  also  be  due  to  a  progressive  loss  of  the  electrical  contact 
between  the  active  Sn  particles  upon  cycling,  with  consequent 
loss  of  electronic  conduction  paths  with  a  resulting  growth  of 
the  insulating  parts  in  the  matrix. 

The  cycling  response  of  the  sample  SnCoC  II  electrode  is 
shown  in  Fig.  5B.  In  this  case  the  capacity  continuously  decay 
from  an  initial  650mAhg-1  to  a  400mAhg-1  value  in  the 
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Fig.  5.  Specific  capacity  vs.  cycle  number  of  lithium  cells  using  SnCoC  I  (A); 
SnCoCII(B)  and  SnCoC  III  (C),  respectively,  samples  as  working  electrodes. 
Electrolyte:  EC:DMC  1:1  LiPF6.  Room  temperature.  For  sample  identification 
see  Table  1 . 

course  of  50  cycles.  It  is  reasonable  to  suppose  that  the  electrode 
undergoes  a  continuous  phase  transformation  with  associated 
decay  in  performance.  This  is  confirmed  by  ex  situ  X-ray  analysis 
which  demonstrated  that  the  CoSn2  phase  is  indeed  transformed 
during  cycling  into  an  amorphous  structure,  to  which  is  associ¬ 
ated  a  loss  of  electronic  contact  between  the  active  particles  (data 
not  reported). 

The  cycling  response  of  the  SnCoC  III  sample  electrode, 
reported  in  Fig.  5C,  differs  from  those  observed  for  the  other 
two  electrode  samples.  The  initial  capacity  of  the  SnCoC  III 
electrode  is  lower,  i.e.  of  the  order  of  400mAhg-1,  in  com¬ 
parison  with  that  of  the  samples  SnCoC  I  and  SnCoC  II.  This 


Table  2 

Significant  impedance  parameters  associated  to  SnCoC  II  material  cycle  at  1  C 
rate  in  a  lithium  cell 


State  of  the  electrode 

Re  (&) 

Rfi  (fi) 

Rf2  (£9 

Rct  (^) 

ocv 

1.7 

3 

22.3 

- 

After  5  cycles 

4 

1.8 

2.5 

16 

After  100  cycles 

3.8 

2.8 

12.3 

16 

Electrolyte:  EC:DMC  1:1  LiPFg.  Re:  electrolyte  resistance,  Rf\ :  first  film  resis¬ 
tance,  Rf2'.  second  film  resistance,  Rqt'-  charge  transfer  resistance. 
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Fig.  6.  Impedance  response  of  a  SnCoC/EC:DMC  1 : 1  LiPF6/Li  cell  detected  at  different  cycling  stages,  namely  at  OCV  state,  V=  2.8  V  vs.  Li+/Li  (A);  after  5  cycles, 
V=  1.4  V  vs.  Li+/Li  (B)  and,  after  100  cycles,  V=  1.3  V  vs.  Li+/Li  (C).  Rate:  1  C.  Room  temperature.  The  right  side  of  the  figure  shows  an  approximate  overlapping 
of  the  experimental  data  and  the  circuital  elements  as  determined  by  the  fitting  analysis  in  the  high  (10kHz-50kHz)  and  medium-high  (0.1  Hz-lOkHz)  frequency 
ranges. 
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difference  can  be  attributed  to  the  large  predominance  in  the 
sample  SnCoC  III  of  the  CoSn  phase,  i.e.  richer  in  the  electro- 
chemically  inactive  Co,  a  fact  which  may  induce  a  decrease  of 
the  Sn  active  fraction  due  to  the  creation  of  Sn  grains  hidden  to 
lithium  ions.  However,  considering  the  higher  electrochemical 
stability  of  the  CoSn  phase,  the  capacity  retention  upon  cycling 
of  the  samples  SnCoC  III  is  much  higher  than  that  observed 
for  SnCoC  I  and  SnCoC  II,  compare  Fig.  5C  with  Fig.  5 A  and 
B. 

To  shed  more  light  on  the  electrochemical  behaviour  of  the 
Sn-Co-C  electrodes  we  have  performed  an  impedance  spec¬ 
troscopy  analysis  run  at  different  cycles,  i.e,  at  cycle  0  (under 
open  circuit,  OCV,  conditions),  after  5  charge-discharge  cycles 
and  after  100  charge-discharge  cycles.  The  voltage  values  were 
2.8  V  vs.  Li+/Li  at  the  OCV  state,  1.4  V  vs.  Li+/Li  after  5  cycles 
and  1.3  V  vs.  Li+/Li  after  100  cycles. 

The  general  response  may  be  qualitatively  described  in  terms 
of  two  semicircles,  followed  by  a  low  frequency  tilted  line.  The 
low  frequency  region  (5  mHz-0.1  Hz),  likely  corresponding  to 
cell  geometric  capacitance  [11,15],  remains  almost  unchanged 
for  all  the  three  cycling  stages.  A  meaningful  difference,  how¬ 
ever,  is  observed  in  the  medium-high  frequency  region.  To 
properly  interpret  the  responses  in  this  region,  the  data  sets 
were  analysed  by  a  non-linear  least- square  (NLLSQ)  fit  soft¬ 
ware  developed  by  Boukamp  [16,17]  based  on  the  equivalent 
circuit  ReCRfi2fl)CRf22f2)2g  at  0  cycle  and  on  the  equiva¬ 
lent  circuit  ^e(^fi2fl)(^f22f2)(^CT2cT)2g  after  5  and  100 
charge-discharge  cycles.  The  matching  with  the  experimental 
data  were  quite  good  as  confirmed  by  a  chi-square  factor  of  the 
order  of  10-4,  which  is  considered  as  an  acceptable  prerequisite 
to  the  validity  of  the  proposed  circuitry  model.  Table  2  shows 
the  impedance  value  determined  at  the  three  examined  cycling 
stages. 

In  the  plot  recorded  before  the  cycling  test,  i.e.  at  the  OCV 
state  (see  Fig.  6A),  the  impedance  response  can  be  easily  fitted 
by  two  semicircles,  marked  as  f  1  and  f2,  which  seem  to  be  related 
to  the  formation  of  complex  native  films  on  the  electrode  sur¬ 
face.  The  occurrence  of  passivation  film  on  the  Sn  surface  was 
indeed  demonstrated  by  Dahn  and  co-workers  [18,19].  It  is  rea¬ 
sonable  to  assume  that  this  film  is  formed  on  the  surface  of  tin,  as 
well  as  on  that  of  graphite,  just  after  the  cell  assembling.  More 
complicated  is  the  interpretation  of  the  spectra  recorded  after 
cycling.  The  spectrum  at  5  cycles  (see  Fig.  6B)  exhibits  three 
semicircles,  i.e.,  a  single  one  distinguishable  at  high  frequency 
(10  kHz-50  kHz)  and  two  convoluted  ones  in  the  medium-high 
frequency  region  (0.1  Hz-10  kHz).  The  fitting  analysis  suggests 
that  the  high  frequency  semicircle,  marked  as  fl,  is  probably  due 
to  the  above  discussed  native  film  resistance.  The  amplitude  of 
this  semicircle  does  not  change  significantly  after  5  cycles.  The 
other  two  medium-higher  frequency  semicircles  are  related  to 
a  combination  of  film  resistance,  Rf2,  and  charge  transfer  Rqj. 
This  interpretation  is  supported  by  the  associated  capacitance 
values,  which  are  of  the  order  of  10-5  F,  i.e.  a  value  typically 
associated  to  surface  films,  and  of  10-3  F,  i.e  a  value  typically 
associated  to  charge  transfer  phenomena.  The  amplitude  the  sec¬ 
ond  semicircle  related  to  the  electrode  film,  f2,  decreases  after 
5  cycles,  probably  because  of  a  partial  interface  cracking  due  to 


the  volume  stress  associated  to  the  lithium  insertion-deinsertion 
processes. 

Apparently  similar  is  the  impedance  response  recorded  after 
100  cycles,  see  Fig.  6C.  However,  the  detailed  analysis  reveals  a 
significant  increase  of  the  medium  high  frequency  semicircle  f2, 
related  to  the  electrode  film,  this  suggesting  a  series  of  complex 
phenomena  at  the  electrode  surface,  involving  multiple  cracking 
and  rebuilding  of  the  film,  this  resulting  in  a  continuous  evolution 
of  the  whole  interface  region.  These  impedance  results  account 
for  the  progressive  loss  of  capacity  experience  by  the  SnCoC 
II  sample  upon  cycling  in  a  lithium  cell,  see  Fig.  5B.  However, 
the  impedance  test  also  reveals  that  even  for  this  electrode,  the 
charge  transfer  resistance  does  not  change  upon  cycling  (see 
Table  2),  this  further  confirming  the  role  of  the  two  additional 
Co  and  C  components  in  stabilizing  the  electrochemical  process 
of  Sn-based  electrodes. 

4.  Conclusions 

The  main  goal  of  this  work  was  the  investigation  of  the 
electrochemical  behaviour  of  Sn-Co-C  ternary  electrodes  sup¬ 
posedly  similar  to  those  used  in  a  battery  recently  marketed  by 
a  Japanese  company.  The  results  obtained  on  a  material  hav¬ 
ing  the  Sn4oCo4oC2o  composition  and  prepared  by  high-energy 
ball  milling,  show  that  this  type  of  electrodes  have  a  high  spe¬ 
cific  capacity  and  a  good  electrolyte/electrode  interface  stability. 
We  also  show  that  the  delivered  specific  capacity  and  the  cycle 
life  are  strongly  related  to  the  value  of  the  CoSn/CoSn2  phase 
ratio,  as  well  as  on  the  nanocrystalline  nature  of  the  electrode 
material.  Future  work  will  be  addressed  to  systems  with  dif¬ 
ferent  compositions  to  complete  the  investigation  of  the  role 
of  the  various  phases  in  influencing  the  electrochemical  per¬ 
formance  of  this  interesting  class  of  materials  so  as  to  finally 
establish  the  effective  practical  relevance  of  these  ternary  com¬ 
pounds. 
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